The Brca1 A complex contains Brca1/Bard1, Abraxas, Rap80, and Brcc36; however, with the exception of the Brca1-Abraxas interaction, how the A complex is assembled is not known. The A complex is localized to sites of DNA damage through the UIM domains of RAP80, which bind K63-linked polyubiquitin chains. In this study, we identified an FHA domain RING finger E3 ubiquitin ligase, RNF8, and an E2-conjugating enzyme known to form K63-polyubiquitin chains, Ubc13, each of which is required to recruit the Brca1 A complex to sites of DNA damage. Rnf8 localizes to sites of DNA damage through an FHA-domain-containing region. We found that Rap80 contains an Abraxas interaction domain [AIR (Abraxas-interacting region)], required for association of Rap80 with Abraxas, Brca1, and Brcc36. Abraxas and Brcc36 associate through coiled-coil domains on each protein. These data suggest a model through which Ubc13 and Rnf8 are recruited to sites of DNA damage through DNA-damage-induced phosphorylation of a chromatin-associated protein and generate polyubiquitin chains that then recruit Rap80 and the entire Brca1 A complex to DNA-damage foci. This sequential E3 ubiquitin ligase recruitment constitutes a ubiquitin ligase cascade required for DNA repair and checkpoint signaling.
Rnf8 forms foci in response to IR (Fig. 1B) , suggesting that its ubiquitination target is also localized to sites of DNA damage and is therefore likely to be involved directly in Rap80 recruitment. Furthermore, Rfn8 foci largely colocalize with Brca1 (Fig. 1B) .
The protein structure of Rnf8 reveals an FHA domain at the N terminus and a RING domain at the C terminus. FHA domains are phospho-amino acid-interacting motifs. To determine which of the conserved portions of Rnf8 are required for IRIF formation, we generated a deletion series that eliminate the functional domains of Rnf8. We found that a region of Rnf8 containing the FHA domain is itself able to form IRIF, indicating that the FHA domain of Rap80 could localize Rnf8 to IRIF possibly through binding to phosphorylated proteins in response to IR (Fig. 1C) . Deletion of the FHA domain blocks Rnf8 foci formation (Fig. 1C) .
Optimal Recruitment of Rap80 to Foci Requires both the UIM Domains
and Abraxas Interaction Domain of Rap80. Previously we have shown that UIM domains alone can be recruited to DNA-damage sites, forming IRIF. However, Rap80 mutants that lack the UIM domains also form foci in the absence of exogenous damage (10) . To examine the structural requirements for this, we generated a series of retroviral constructs for expression of Rap80 mutant proteins fused to GFP and investigated foci formation and Abraxas interaction for these mutants. We mapped a region of Rap80 (amino acids 270-400) we call ''AIR'' (Abraxas-interacting region) that is required for association with Abraxas ( Fig. 2 A and B) . This region is also responsible for the Rap80-Brca1 interaction (ref. 11 and data not shown), confirming that Abraxas mediates the interaction of Rap80 and Brca1. In addition, we found that both the UIM domains and AIR region were required for optimal recruitment of Rap80 to nuclear foci. Various Rap80 mutants that lacked either the UIM domains or the AIR region could still form foci, whereas only the mutant lacking both domains completely failed to form foci ( Fig. 2 A and C) .
Abraxas and Rap80 Depend on Each Other for IRIF Formation. When Rap80 protein levels were depleted in U2OS cells by siRNAs, IR-induced foci formation of Abraxas and Brca1 was significantly decreased (Fig. 3A) . We then investigated whether Abraxas affects Rap80 foci formation. We found that in Abraxas siRNA-treated Fig. 1 . UBC13 and RNF8 are responsible for DNA-damage-induced foci formation of the Brca1 A complex. (A) U2OS cells were transfected with control or siRNA oligos against UBC13 or RNF8 for 48 h, irradiated with 10 Gy, and incubated at 37°C for 2 h before being fixed and immunostained with antibodies against Rap80, Abraxas, ubiquitin (FK2), 53BP1, and Brca1. Three different siRNA oligos against each gene were used, and similar results were obtained. (B) U2OS cells were untreated or treated with 10 Gy IR. Two hours later, cells were fixed and immunostained with antibodies against Rnf8 and Brca1. (C) Mutants of RNF8 were generated as a GFP-SV40 NLS N-terminal Rnf8 fusion protein. Plasmids expressing these deletion mutants were transiently expressed in U2OS cells for 48 h. Cells were then irradiated at 10 Gy and incubated for 2 h before being fixed and stained with antibodies against GFP.
cells, both Rap80 foci formation and Brca1 foci formation were compromised, indicating that Abraxas is also required for Rap80 and Brca1 foci formation (Fig. 3A) . This is consistent with the mutational analysis of Rap80 that showed that both the UIM domains and AIR region are required for optimal foci formation of Rap80. We also mapped the region on Abraxas that is required for interaction with Rap80. Most of Abraxas, except for a short C-terminal region involved in Brca1 binding, is required for efficient binding to Rap80, as well as foci formation of Abraxas ( A JAMM domain containing deubiquitinase Brcc36 has been reported to be associated with Rap80 and Brca1 (11, 13) . Brcc36 also plays a role in Brca1 foci formation in response to IR (19) . We investigated whether Brcc36 is also involved in localizing Rap80-Abraxas to DNA-damage sites. In Brcc36-siRNA treated cells, foci formation of both the Rap80 and Abraxas proteins were significantly decreased (Fig. 4A ). In addition, we found that Brcc36 associated with both Abraxas and Rap80 proteins (Fig. 4B ). The Rap80 AIR domain was required for the interaction of Rap80 with Brcc36 ( Fig. 4C , Upper), indicating that Abraxas is likely to mediate the interaction of Rap80 with Brcc36. Consistent with this interpretation, in Abraxas siRNA-treated cells, the Rap80-Brcc36 interaction was greatly decreased (Fig. 4D) .
Through examination of the deletions series of Abraxas, we mapped the region that interacts with Brcc36 to the coiled-coil domain of Abraxas (Fig. 4C, Lower) . A likely candidate region on Brcc36 that might interact with Abraxas is the C-terminal coiledcoil domain of Brcc36, because coiled-coil domains are known to interact. Therefore, we deleted the coiled-coil domain of Brcc36 and tested this mutant for interaction with Abraxas. The coiled-coil domain of Brcc36 was required for interaction with Abraxas (Fig.  4E) . Therefore, Abraxas and Brcc36 are likely to heterodimerize through their coiled-coil domains.
Discussion
The elucidation of the function of Brca1 in the DNA-damage response is critical to understanding its role in cancer. We and others have shown that Brca1 exists in at least three complexes, the A, B, and C complexes (10) (11) (12) . In this study, we explored the structure of the Brca1 A complex containing Rap80, Abraxas, Brca1/Bard, and Brcc36 and its ability to localize to sites of DNA damage. The two UIM motifs on Rap80 are required for foci formation of Brca1 and Abraxas (10, 11, 14) . It has also been shown that the UIM domains of Rap80 bind to ubiquitin chains assembled through K63 linkages (11). Here we found that a K63 E2 ubiquitinconjugating enzyme, Ubc13, was required for Rap80 and Abraxas to form foci in response to DNA damage. Ubc13 has been implicated previously in the control of homologous recombination and Brca1 function (16) . Thus, Ubc13 is likely to act upstream of Rap80 in foci formation of the Brca1 A complex.
A key question concerns the nature of the E3 ubiquitin ligase that works with Ubc13 in the DNA-damage response. A number of RING E3 ligase proteins have been found to bind Ubc13 in two-hybrid experiments (18) . Screening those candidates revealed that one, Rnf8, was required for Rap80, Abraxas, and Brca1 foci formation in response to DNA damage. Rnf8 was also required for the formation of ubiquitin foci on DNA in response to DNA damage. The role of Rnf8 in IRIF formation is likely to be direct because we found that Rnf8 also formed IRIF. Rnf8 contains a FHA phosphoprotein-binding domain, a coiled-coil domain, and a RING finger. The FHA domain is found in a number of proteins involved in the DNA-damage response, and the FHA domain of Rnf8 is necessary and sufficient to localize Rnf8 to IRIF.
We identified an Abraxas-interacting domain (AIR) on Rap80 between amino acids 270 and 400 and a Rap80-binding region spanning the N-terminal two thirds of Abraxas that overlaps with the ABR domain of Abraxas (10). Rap80 has two modes through which to form foci in cells. The first mode uses the UIM domains and localizes to IRIFs. The second mode uses the AIR domain. Whereas a Rap80 mutant lacking AIR still forms foci, a double mutant of the UIM and AIR domains completely abolished foci formation, implying a role for Abraxas in Rap80 foci formation. Furthermore, we found that siRNAs to Abraxas significantly reduced Rap80 foci in response to IR to levels below that of the Mt1 Rap80 mutant that contains only the UIM domains and does not bind to Abraxas (data not shown). This could be explained if Abraxas had a second role independent of Rap80 binding in Rap80 foci formation. Alternatively, the foci-forming ability of the Rap80 UIM domains might be inhibited in the context of the full-length Rap80 protein unless Abraxas binds and activates it. Nevertheless, contrary to two published reports (20, 21) , we saw a role for Abraxas in Rap80 foci formation. Brcc36 has been found to be associated with Rap80 and Brca1 (11, 13) and also has been suggested to be a positive regulator of Brca1/Bard1 E3 ligase activity (13) . We found that it also associates with Abraxas and is therefore a component of the Brca1 A complex. Brcc36 forms a complex with Rap80 only when Rap80 is capable of binding Abraxas. Thus, it associates with Rap80 through Abraxas. Consistent with this, Brcc36 forms a complex with Abraxas only when the coiled-coil domains of Abraxas and Brcc36 are intact. Thus we conclude the topology of the Brca1 A complex is that Rap80 associates with Abraxas and that Abraxas, as an adaptor protein, binds directly to Brca1/Bard1 complex through its Cterminal pSPVF motif and associates with Brcc36 through its coil-coil domain.
These data led us to the following model (Fig. 5) for IRIF formation of the Brca1 A complex. In response to DNA damage, ATM and ATR phosphorylates H2AX on Ser-139, which serves to recruit the Mdc1 protein to chromatin, where it is also phosphorylated (22) (23) (24) . In an H2AX-and Mdc1-dependent manner (data not shown), Rnf8/Ubc13 complexes go to sites of DNA damage through their FHA domain and initiate the synthesis of K63 polyubiquitin chains on chromatin that recruit the Brca1 A complex through the UIM domains of Rap80.
The identity of the DNA-damage-induced phosphoprotein at the sites of DNA damage that is recognized by the FHA domain of Rnf8 for recruitment remains to be established. Two known phosphoprotein candidates exist that have been genetically linked to Brca1 foci formation, H2AX and Mdc1. Mdc1 has been shown additionally to be required for Rap80 foci (11, 14) . Both proteins are phosphorylated by ATM, ATR, and possibly DNA PK in response to DNA damage, and both are required for Brca1 foci (22, 25, 26) . We found that Mdc1 is phosphorylated on nine SQ/TQ sites in response to DNA damage and that these sites could serve as docking sites for Rnf8 (27) .
The nature of the ubiquitin receptor is not yet known, but components of chromatin such as H2AX or other histones are good candidates. H2A is a likely candidate because it was recently found 
